The etiology of biliary atresia (BA) is not yet understood, but recent studies have shown inflammation with an upregulated interferon (IFN) activity in the intra-and extrahepatic bile ducts of patients with BA. These findings support an inflammatory/ infectious cause of BA as mimicked in our infective murine model. To study the role of the IFN receptors in our model, we used mice with inactivated INF-alpha/beta receptor A129, with inactivated IFNgamma receptor G129, or inactivation of both interferon receptors AG129 as well as the wild type controls W129. Mice were infected with rotavirus within 48h of birth and 7 d postpartum. The incidence of BA in each group was determined during a 3 wk period. In the second week the virus load was measured. BA incidence was 76% in A129 and 67% in AG129 animals, whereas in the G129 group only 33% of the pups developed BA. The wild type presented with a BA-incidence of 15%, while 7 d old mice failed to develop BA. There was no significant difference in the virus load of the livers between the groups independent of clinical symptoms. In conclusion, inactivation of type I INF-receptor significantly increases the incidence of BA following postpartal rotavirus infection. This effect is independent of the presence of type II-INF-receptors. Thus, in our model a type I IFN-linked deregulation of the innate immune system appears to be crucial for the induction of biliary atresia. 
B
iliary atresia (BA), a rare cause of the common neonatal jaundice is the most frequent indication for liver transplantation in childhood (1) (2) (3) . BA is characterized by an ongoing inflammatory process of the intra-and extra hepatic bile ducts combined with a short-or long-distance fibrotic obstruction of the common bile duct. Although symptomatic surgical treatment, such as portoenterostomy (Kasai procedure) or ultimately liver transplantation exists, there is no therapy that can prevent the progression of the disease itself. Therefore, to find and develop curative therapies, it is necessary to investigate and understand the yet unknown etiology of BA.
There are two leading hypotheses of the etiology of BA. The first attributes the development of BA to a malformation of the ductal plate, whereas the second considers BA the consequence of an immune mediated process that occurs perinataly and is triggered by a not yet defined stimulus (4) . In recent years the later theory has gained support as studies have shown evidence of a T cell mediated inflammation in the liver tissue of diseased patients (1, 5) .
Balb-c mice develop an atresia of the extrahepatic bile duct if infected postpartally with rotavirus. In this model features similar to those observed in patients with a T cell mediated inflammation of the intra-and extrahepatic bile ducts were observed (6, 7) . Shivakumar and coworkers also showed a T cell related immune response in this model of viral infection and demonstrated that interferon gamma is important in the progression from cholestasis to BA (8) . This experimental data corresponds to the up-regulation of interferon gamma in the portal ducts of patients with BA (9) . The crucial role of interferon is further supported by our previous finding that timely treatment of infected mice with interferon alpha significantly decreases the incidence of BA (10) . Therefore, the effects of interferon alpha and gamma appear to be contrary in our model. Interferon exerts its actions via two receptors the type I interferon receptor consisting of several subtypes such as the interferon ␣ receptor and type II interferon receptor typically activated by interferon ␥. Although clinical and experimental data point to a crucial role of the interferon system, no data exist regarding the function of the interferon receptor for the development of BA. Thus, the aim of this study was to investigate the effects of the selective depletion of interferon receptor type I, type II or both receptors in our model of BA.
MATERIALS AND METHODS
Animals. All mice were kindly provided by R. Zinkernagel, Institute of Experimental Immunology, Zürich, Switzerland. The mice were kept virusfree in laminar-flow cages, while food, water and litter were sterilized. We used four different mice strains: Mice lacking the type I IFN-␣/␤ receptor (A 129), mice lacking type II IFN-␥ receptor (G 129) or both types of IFN receptors (AG 129) as well as wild types (WT 129). Details about generating these specific strains of mutant mice (deriving from 129/Sv/Ev and C57BL/6) are described elsewhere (11) (12) (13) . All procedures were in compliance with the national regulations for protection of animals and performed under supervision of the responsible veterinarian in our institution.
Virus. Rhesus Rotavirus of the Serogroup 3 (MMU 18006) was kindly provided by M. Riepenhoff-Talty (14) . MA-104 cells were used (embryonic African green monkey, BioWhittaker Biologic Associates, Walkersville, MD) for the cultivation and titration of the virus as previously described (6, 14) .
Determination of Virus Load. For virus titration, organs were ultrasonically homogenized (Branson) and centrifuged at 4°C and 4000 rpm in a 3350 rotor in a Heraeus Minifuge GL. Titration of the virus in graded, logarithmic dilutions was performed in tissue culture microtitre plates with confluent cells. Readings of the titers was carried out after 4 d of incubation under standard cell culture conditions (Heraeus incubator, EK/5060/CO 2 , 5% CO 2 ). Titers were expressed as plaque forming units (pfu/mL) (10, 11) .
Animal Trials. All experiments of this study were approved by the government, and performed according to the national regulations for protection of animals.
Infection. Newborn mice were infected with 20 L of a suspension containing 10 6 pfu virus at approximately 24 h post partum. Initial experiments were performed using an intraperitoneal application of the virus. However, all infected animals died within few days without development of the phenotype of biliary atresia and we therefore switched to a nasal application in our experiments. As the intranasal application of the virus within 24 h post partum was associated with about 60% suffocation (7 out of 12 animals), we applied the virus between 24 h to 48 h after birth. Using this approach the majority of infected pups survived while the clinical course of the animals with BA was similar to previous studies. To exclude animals that died due to technical problems of the virus inoculation, we excluded all animals that died within 48 h after the infection. The excluded animals did not show any signs of cholestasis.
Monitoring. Animals were twice daily checked for survival and cholestasis, i.e., icterus of the non fur-covered skin and detection of bilirubin in the urine [Bilugen-Test™, Boehringer Mannheim] was monitored. All pups which were infected with virus presented with the oily fur syndrome regardless of the development of BA. This phenomenon is well-known to appear in mice, treated with artificially high doses of rotavirus (6, 10, 14) .
Dissection and histology. Mice were killed if they either showed signs of severe illness, such as generalized weakness and immobility, to prevent them from being cannibalized by their mothers, or at 3 wk after infection. All animals killed and animals which were not cannibalized after spontaneous dead (total rate of Ͼ50%) were dissected to confirm the diagnosis of biliary atresia. Using a dissection microscope, we observed edematous swelling of the whole extrahepatic bile duct with short or long-segment atresia. Additionally, prestenotic dilatation of the bile duct and hydrops of the gallbladder were seen in several cases. The histologic changes (fixation, paraffin embedding, microsection and HE staining) of the common bile duct and the liver parenchyma, such as parenchymal necrosis, intrahepatic cholangitis, early fibrosis and proliferation of intrahepatic bile ducts were identical to those, which have been described and illustrated elsewhere (8) . To investigate the virus load, the liver, the brain and the spleen were harvested for virus titration in separate animals killed at different time points following infection as shown in Table 1 .
Treatment with recombinant interferon-␣. As in previous studies (10), we treated infected animals with recombinant IFN-␣ (r/IFN-␣ B/D hybrid;CibaGeigy, Basel). In a first group (n ϭ 13), A129 mice were treated six hours after infection with a single-dose injection of INF-␣ (10 4 IU, i.p.). As we have observed that daily repeated intraperitoneal injection is not well tolerated by small pups, we chose to administer the second dose of IFN-␣ several days later. Therefore, RRV-infected A129 and AG129 mice received IFN-␣ at six hours and at six days after the infection (10 4 IU, i.p.). Animals from each group, as well as controls from RRV-infected wild types, A129 and AG129 mice were used to determine the virusload (Table 1) .
Statistical analysis. Results in each group are presented in percentages. Statistics were calculated using SPSS statistical analysis software. Differences were analyzed by Kaplan-Meier-survival calculated for all groups and Kruskal-Wallis ANOVA on ranks followed by pairwise comparison using Dunn's method. Statistical significance was accepted at p Ͻ 0.05.
RESULTS

Incidence of biliary atresia in Ifn-receptor knockout mice.
We observed in our animals similar features of biliary atresia and a similar course of the disease as has been described in the infected Balb/c-mice ( Fig. 1) and (6) . In the wild-type group, 16 pups out of 54 (30%) had persisting signs of cholestasis with a lethality of 50% (Fig. 2) . Deceased animals were dissected and a variety of BA-forms (Fig. 3) , as described previously (6), was observed, so that biliary atresia was confirmed as cause of death of all cholestatic animals that died within the observation period.
We observed significant differences in the development of biliary atresia between the wild type and the INF-receptorknockout mice. Animals lacking the type I INF-receptor alone or in combination with the type II INF-receptor had a significantly higher incidence (p Ͻ 0.05) of cholestasis compared with wild type controls (Fig. 2) . The depletion of only the type II receptor did not signficantly change the incidence of cholestasis (Fig. 2) . Compared with the incidence of BA in the wild type mice 15% (8 out of 54), mice lacking the type I INF-receptor A129 developed BA in 76% (51 out of 67) and mice lacking type I INF-receptor in combination with type II receptor G129 in 67% (22 out of 33) (Fig. 1 ). This was a significant increase (p Ͻ 0.05). The incidence of biliary atresia (33%, 19 out of 57) in the group deficient only in the type II IFN-receptor G129 was significantly increased in comparison to wild types (p Ͻ 0.05), but significantly lower than in type I and type I and II interferon receptor knockouts (p Ͻ 0.05) (Fig. 1) .
Effects of interferon-␣ treatment in IFN-receptor knockout mice. In the first group of experiments, IFN type I receptor knockout mice A129 were treated with a single-dose of 10,000 IU IFN-␣. In this group eight out of thirteen pups became icteric, and of those mice, six finally died (lethality 46%) (data not shown).
In a second group, twenty-four A129 pups were treated with a 2-fold injection of 10,000 IU IFN-␣. The lethality in this Different IFN-receptor knockout strains and wild type controls were infected on the second day of life via intranasal ingestion of a RRV-virus suspension and cholestasis and survival were monitored. group decreased to 54% compared with 76% lethality in to the respective untreated group, and this difference was statistically significant (Fig. 4a) . This was associated with a higher recovery rate of cholestatic mice, following the repeated IFNtreatment in the type I IFN-receptor knockout mice (Fig. 4b) .
IFN-␣ treated AG129 mice presented with a lethality of 62%, not different to the 67% lethality in the untreated AG129 controls, (Fig. 5a ). All nonsurvivors were cholestatic and died between day 10 and 21 after infection with the typical clinical and histomorphological signs of BA, as described above. There was no significant difference in the incidence and lethality of cholestasis in the AG129 mice with and without interferon treatment (Fig. 5b) .
Determination of virus load. In 12 mice of each wild-type, A129 and AG129 following RRV-infection, the levels of virus in liver and brain tissues were between 10 3 or 10 4 pfU, independent of the clinical symptoms. G129-pups which had received 10,000 IU IFN 6 h after RRV-infection presented with the identical virus load in liver and brain. At dissection, none of these animals had developed the full picture of biliary atresia. A129-pups which had been treated by repetitive injection of 10,000 IU IFN were also found to have a virus load between 10 3 and 10 4 pfU RRV in liver and brain. In this group, one animal had the features of biliary atresia [table 1 ].
DISCUSSION
The hypothesis of an inflammatory etiology of BA is based on Landing's theory that the clinical picture of BA represents the final state of an inflammatory process, triggered e.g., by an anticipated viral infection (5) . In this regard, investigations have found signs of an inflammatory process in patients with BA, namely T cell activation, up-regulation of cytokines of innate immunity and intercellular adhesion molecules that support Landing's theory. Nonetheless, several studies have failed to identify a specific hepatotropic virus in patients with BA and existing studies describing the pathomechanism of BA are inconclusive (15, 16) . These findings raised the question of potential autoimmunological co-mechanisms (17) and Perlmutter finally, proposed that BA, rather than being a single disease could represent a common feature initiated by a variety of different etiologic factors (18) . To investigate the etiology of BA we developed a mouse model of biliary atresia based on observations of M. Riepenhoff Talty (6, 14, 19) .
In this model, B.A. can be induced by infection with Rhesus Rotavirus only within a short-time period after birth, which suggests an immunologic gap in this period. Among the tested animals, Balb/c-mice are the most susceptible for RRVinduced BA. Balb/c mice do not express Mx-proteins, interferon-induced GTPases with an antiviral activity against a wide range of RNA viruses. An important role of the interferon system in this model is further supported by our observation that repeated IFN-␣ treatment is curative. We therefore (IFN-␣, IFN-␤,  IFN-) are encoded by a family of over 20 genes that bind to a common receptor, composed of several subunits (13) . One of these receptor components is essential for the functional response to IFN-␣, -␤ and -. The type II interferon receptor is activated predominantly by IFN-␥, although there is some crossreactivity between IFNs type I and type II (11) (12) (13) . Zinkernagel and coworkers observed in the type I IFNreceptor knockout mice A129 an increased susceptibility to different viruses compared with wild type mice and mice with only a nonfunctional type II IFN receptor. Previous studies have demonstrated that both IFN receptors are not necessary to protect or recover from an infection with a pneumotropic influenza virus in mice. However, increased antibody responses were noted following the disruption of IFN type I receptor (20) and it is known that the functional type I IFN-system has an impact on the early antiviral defense and is associated with a reversible depression of hematopoesis (21) . Moreover, Salazar-Mather and coworkers have demonstrated that in the livers of adult mice infected with murine cytomegalovirus type I IFNs control the recruit of inflammatory cells (22) . The IFN-␥ system appears to play a more important role in later stages of the response to viral infections (23) . Using adult mice Zinkernagel and coworkers observed no significant effect of IFN-treatment on rotavirus induced diarrhoea and viral replication in these IFN-mutant mice (11) (12) (13) . In this regard, age-related studies in mice, which were infected with rotavirus, revealed an age restriction of clinical symptoms (24, 25) and therefore this data cannot be easily transferred to our model of infection of the newborn.
In the present study, newborn mice of the IFN-mutant strains and its wild type were more susceptible to RRV than other inbred mouse strains (19) . High lethality occurred in the pups which were intraperitonally infected within their first week of life and none of these mice survived to develop biliary atresia. We know from studies with Balb/c mice, that BA can only be induced if the infection is performed during the first days of life (10) and accordingly pups infected in their second week of life survived with only signs of rotavirus induced diarrhea but no cholestasis. Thus, the approach of the intraperitoneal virus ingestion failed to induce biliary atresia in these mice. After changing the route of infection, mice were able to survive and to develop biliary atresia, most likely because of the different kinetics of the virus distribution. The incidence of cholestasis and biliary atresia (15%) in the wild type W129 was lower than in Balb/c-mice (BA-incidence approx. 80%) and comparable to the reported incidence in CD-mice (BA-incidence approx. 33%) (19) .
All mice defective in type I and/or type II interferon receptor showed a significantly reduced survival rate, i.e., significantly increased incidence of biliary atresia. This supports the previously postulated major role of the interferon system in the development of BA. However, we observed that animals with no functional type I interferon receptor alone or in combination with a nonfunctional type II receptor had a significantly increased mortality. The increased lethality was associated with a significant increase of cholestatic mice in the type I IFN knockouts A129 and in type I and II knockouts AG129, compared with wild types, but not in animals only lacking the type II IFN receptor G129. Interestingly, all knock-out mice showed a significantly increased lethality of cholestasis, i.e., the progression of cholestasis to biliary atresia was significantly higher with the lack of either interferon receptors. Taken together these findings suggest that specifically lack of the type I receptor makes animals susceptible to the development of biliary atresia. As the type I IFN system is well known as a first-line antiviral agent (26) , it could be speculated that the increase in lethality is due to the inability of the type I interferon knockouts to defend themselves against the viral infection, rather than a direct involvement in the pathogenesis of BA. However, it should be noted that there was no significant difference in virus load in the livers and brains of IFN-receptor deficient mice with and without biliary atresia. This observation that is in line with previous studies in Balb/c-mice demonstrating that BA-development is triggered by RRV, but is not correlated to the virus load in the liver (10) . Therefore it appears that the interferon type I system plays an important role in the development of BA, rather than just improving the defense against the viral infection, i.e., reducing the virus load. Several known properties of type I IFN could contribute to this effect. Besides actions that are redundant to the type II IFN system, such as the promotion of a switch in Ig class with an increased production of virus specific IgG antibodies, type I interferons exhibit unique and partially antagonistic effects compared with type II interferons. For example type I interferons have been shown to dampen the inflammatory response in the liver potentially via increased levels of IL-10 and sCD14 as well as an increase in CD 14 positive macrophages in the liver.
Deficiency in type II IFN receptor did not affect the incidence of BA as strong as the lack of type I IFN receptor in our model, but still led to a significantly increased incidence of biliary atresia. This was mediated not by an increase in the incidence, but by a significantly reduced recovery rate of cholestatic mice. This suggests that in our model interferon ␥ is involved in the recovery from cholestasis. This appears to be in contrast to studies by Shivakumar et al., who demonstrated that the deficiency of interferon-␥ is associated with a reduced incidence of biliary atresia and an improved long term survival using this model in balb-c mice (27) . Moreover they showed that intraperitoneal administration of interferon-␥ could increase the incidence of biliary atresia in the knock out mice to levels of the controls, and conclude that interferon-␥ could play an important role in the transition of cholestasis to biliary atresia (9, 27) . The cause for this difference in the effects of the type II interferon system remains to be determined. However, there are interactions between the two interferon receptor systems on the signal transduction levels that makes the comparison of the interferon gamma knockout mice 793 INTERFERON RECEPTORS IN BILIARY ATRESIA with type II interferon receptor knockout mice difficult (28) and possible explanations could include reactive adaptions in the knock out mice as well as nonreceptor specific effects of interferon-␥.
Previous studies have demonstrated that Balb/c-mice treated with interferon-alpha are protected against the virus induced cholestasis and development of biliary atresia (10) . In contrast, repetitive treatment with recombinant interferon-␣ of RRV-infected A129 and AG129 mice did not affect the incidence of cholestasis in type I IFN receptor deficient and type I and II IFN receptor deficient pups, although the survival rate of A129 mice was increased. The diminished protection observed in type I and type I and II receptor knockouts supports the hypothesis that the beneficial effects of interferon-␣ treatment are mediated by activation of the type I interferon receptor. The increased survival of A129 mice following interferon-␣ treatment was related to an improved recovery from cholestasis. It could be speculated that the high dose of interferon-␣ could directly or indirectly activate type II interferon receptors in mice only deficient for the type I interferon receptor. This interpretation would fit the notion that activation of type II interferon receptors supports the recovery from cholestasis and can prevent the transition from cholestasis to biliary atresia.
In conclusion, our results demonstrate an important role of the type I and type II interferon receptors for the prevention of biliary atresia in our model. Type I receptors appear to be crucial in the prevention of cholestasis as well as the recovery. The type II IFN receptor activation although less important than the type I receptors appears to contribute to the recovery of cholestatic pups. Further studies are needed to demonstrate whether beneficial effects of the interferon receptors are mediated via an improved innate immune response, or whether the activation of these receptors is directly part of the pathogenesis of biliary atresia.
